The reduction of geranylgeranylpyrophosphate to phytylpyrophosphate in spinach chloroplasts is described for the first time. The reductase is localized in the chloroplast envelope. By Refs. 8, 23, 22, 5, and 24, respectively). GG is known to occur as the side chain in bacteriochlorophyll of purple bacteria (7), and it was later found in trace amounts esterified to Chl a in greening etiolated tissue (12, 25) . Rudiger et al. (17) showed that an enzyme different from chlorophyllase, i.e., Chl synthetase, was responsible for the esterification of Chlide in etiolated tissue. Subsequently, this enzyme was demonstrated in spinach chloroplasts (6, 20) and Chl-free chromoplasts from daffodil (1 1). Further examination of the last steps ofChl biosynthesis in greening etiolated oat seedlings showed a stepwise reduction of the initial product, ChiGG, via Chl dihydrogeranylgeraniol and Chl tetrahydrogeranylgeraniol to Chiph (2, 18) . In a preliminary report (20), we showed that this sequence also exists in the natural green system. Very little is known about the regulation of this important final step in Chl synthesis in chloroplasts.
activity is found in the stroma fraction. Chl synthetase in chloroplasts can use the pyrophosphate ester of either phytol, geranylgeraniol, or farnesol, phytylpyrophosphate being the preferred substrate. Exogenous Chlide exhibits no influence on Chl synthesis by chloroplast subfractions.
ph,2 a monounsaturated terpenoid alcohol (C20H390H), forms the side chains of Chl, tocopherol (vitamin E) , and phylloquinone (vitamin K) in green tissue. GG is the most likely precursor of Ph, but until recently (20) there was no direct evidence of a conversion of GG to Ph. Ph had been shown to be labeled by a number of different precursors: the hydrogen donor NADPH, basic carbon precursors, such as acetate, mevalonate, and IPP, but not by GG (see Refs. 8, 23, 22, 5, and 24, respectively) . GG is known to occur as the side chain in bacteriochlorophyll of purple bacteria (7) , and it was later found in trace amounts esterified to Chl a in greening etiolated tissue (12, 25) . Rudiger et al. (17) showed that an enzyme different from chlorophyllase, i.e., Chl synthetase, was responsible for the esterification of Chlide in etiolated tissue. Subsequently, this enzyme was demonstrated in spinach chloroplasts (6, 20) and Chl-free chromoplasts from daffodil (1 1) . Further examination of the last steps ofChl biosynthesis in greening etiolated oat seedlings showed a stepwise reduction of the initial product, ChiGG, via Chl dihydrogeranylgeraniol and Chl tetrahydrogeranylgeraniol to Chiph (2, 18) . In a preliminary report (20) , we showed that this sequence also exists in the natural green system. Very little is known about the regulation of this important final step in Chl synthesis in chloroplasts.
In studies of tocopherol and phylloquinone synthesis, we found that GGPP could not substitute for PPP in the enzymic prenylation of the aromatic precursor of either vitamin (19, 21) . This is in contrast to Chl synthetase which uses GGPP and PPP and to a ' This work was aided by grants from the Deutsche Forschungsgemeinschaft.
2Abbreviations: Ph, phytol; GG, geranylgeraniol; IPP, isopentenylpyrophosphate; ChlGG.DHGG,THGG,Ph, Chi esterified with GG, dihydro-GG, tetrahydro-GG, and Ph; GGPP and PPP, GG-and Ph-pyrophosphate; Phae, phaeophytin; FPP, farnesol-PP; Chl aF, Chl afarnesoi.
lesser extent even FPP in the etioplast system (17) . In a recent short communication (20) , we showed for the first time that GGPP was directly incorporated into Ph. No data were available for the localization and regulation of this reductase activity. The data presented below further characterize the reduction of GGPP and show that two distinct sites and two distinct pathways exist for the conversion of the geranylgeranyl moiety to the phytyl moiety in spinach chloroplasts: the chloroplast envelope for the hydrogenation of GGPP to PPP, and the thylakoids for the esterification of chlide with GGPP and stepwise reduction of Chlc0 to ChlPh.
MATERIALS AND METHODS
Reagents. The reagents were from commercial sources and were of the highest purity available.
Radiochemical and Chemical Syntheses. [l,5,9-3HJFPP (6.1 Ci/ mmol) was purchased from New England Nuclear (Draieich, F. R. G.), and was diluted with unlabeled FPP to 70 uCi/,umol.
[ethyl--1"4C]Bromoacetate (19.6 mCi/mmol) was purchased from Amersham Buchler (Braunschweig). [1-'4C]GG was synthesized from [ethyl-1-'4CJbromoacetate and all trans-farnesylacetone (6,-10,14-trimethyl-5,9,13-pentadecatrien-2-one) by a modified Horner-Wittig reaction as described previously (20) . [1-_4C] Ph was synthesized by an identical procedure as described for [1-14C] GG, but 6,10,14-trimethylpentadecan-2-one was used instead of farnesylacetone. 6,10,14-Trimethylpentadecan-2-one was made from natural phytol by ozonolysis (15) . FPP, GGPP, and PPP, either labeled or unlabeled, were synthesized from the corresponding alcohol as described in Ref. 26 . Chlide a was prepared from Chl a with chlorophyllase as described in Ref. 3 .
Preparation of Broken Chloroplasts. Chloroplasts were isolated from freshly picked field-grown spinach by standard methods (16) . They were further purified by Percoll gradient centrifugation (10 
RESULTS
Recently obtained data not only showed that chloroplasts contained a Chl synthetase (6, 20) but also indicated that they possessed the ability to reduce the GG moiety by two different routes (20) . To analyze these processes further, broken chloroplasts and their subfractions were incubated with [1-14C] GGPP, and the responses of different effectors on Chl and PPP synthesis were determined.
Phytylpyrophosphate Synthesis. The phytyl side chain of Chl is labile to hydrolysis by chlorophyllase, which had been shown to be active in chloroplasts in the presence of high levels of organic solvent, e.g., 40o acetone, and to transesterification with alcohols, especially methanol. The product of this hydrolysis and transesterification is Ph. To establish the reduction of free GGPP to PPP, the synthesis of PPP and not Ph had to be documented by special methods (see "Materials and Methods"). Assays with broken chloroplasts contained a very high Chl concentration (about 3 mg/ml, thus avoiding dilution of necessary cofactors), and these broken chloroplasts reduced GGPP to PPP (Table I ). The rate of reduction was not altered when NADPH was omitted in the light, indicating that broken chloroplasts formed sufficient NADPH to support the GGPP reduction. GGPP reductase activity was found in broken chloroplasts also in the dark without NADPH (data not shown). Thus, neither light nor exogenous NADPH influenced the formation of PPP from GGPP (Table I ). Using GG instead of GGPP as substrate resulted in a 25% decrease of the reduction to PPP, indicating that the PPi form was the substrate for the reductase and not the alcohol form.
A pH optimum of 7.6 for the synthesis of PPP with a decrease in the acidic range was observed. When broken chloroplasts (1.6 mg Chl/assay) were incubated for 60 min as described in "Materials and Methods;" the rate of reduction was 1.2, 0.9, and 0.2 nmol/mg Chl-h for pH 7.6, 7.1, and 6.6, respectively.
To localize GGPP reductase activity, isolated chloroplast subfractions were tested for their ability to reduce GGPP. As (Table IV) . Stroma always contained a low amount of residual Chl synthetase activity which had become solubilized during hypotonic lysis of the chloroplasts (Tables IV-VI) . We were unable to detect any effect of Chlide on the solubilized Chl synthetase activity (Tables IV and V) . Chl bPh and Chl bGG syntheses by the membrane-bound enzyme were stimulated by Chlide a when assayed in combination with thylakoids, while no effect was detected in the recombined system of thylakoids plus stroma and stroma alone.
Under photosynthetic conditions, the broken chloroplasts produced enough reducing equivalents (NADPH) to reduce the unsaturated form of the pigment (Table I) . However, Chl aph and Chl aGG synthesis was increased by NADPH when thylakoids or thylakoids together with stroma were used as Chl-synthesizing systems (Table VI) . When FAD was used in experiments together with NADPH, no additional effect was detected (data not shown). We assume that NADPH is the sole electron donor for this reaction.
DISCUSSION
We were able to demonstrate that two pathways exist in spinach chloroplasts for the reduction of the GG moiety to the Ph moiety, the reduction of GGPP to PPP in the chloroplast envelope, and the reduction of GG as side chain of Chl via CMl aDHGG and CM aTHGG to Chl aph in the thylakoid. These processes are shown in chloroplasts for the first time. The formation of GGPP from IPP in chloroplasts is due to soluble prenyltransferases. To become fully active, however, the presence of chloroplast membranes, either the envelope or thylakoid membrane, is necessary (6) . As shown by Block et al. (6) and as depicted in Figure 2 further steps of GGPP reduction to PPP and PPP utilization in the formation of a-tocopherol and phylloquinone are achieved by enzymes which are bound exclusively in the chloroplast envelope (19, 21) . The subsequent enzymes, necessary to complete a-tocopherol synthesis, are also in the envelope (21) . The GGPP reductase in the envelope produces more PPP than necessary for tocopherol and phylloquinone synthesis, especially if the losses during PPP purification are considered (see "Materials and Methods"). GGPP and not GG serves as substrate for GGPP reductase, as shown with isolated envelopes. The reductase activity with GG, however, is restored when ATP was supplied together with chloroplast extract. This is due to a kinase which forms GGPP from GG and ATP. A kinase which yields PPP from Ph and ATP was recently demonstrated in chloroplast extract (21) . It was not examined here whether the Ph-kinase also pyrophosphorylates GG to GGPP, which is likely for the following reasons. Under in vivo conditions, GG probably does not occur in spinach chloroplasts; it does, however, exist under in vitro conditions with high chlorophyllase activity (6) . Furthermore, the existence of free Ph (13) and a Ph-pool (4) has been shown in seedlings while the same is not valid for GG, which was only found esterified as Chlco.
Accordingly, the conversion of GG to GGPP synthesis is likely due to the Ph-kinase.
Chl synthetase was first described in greening etiolated seedlings as catalyzing the esterification of Chlide with isoprenoid pyrophosphates (17) . It was subsequently found in chromoplasts from daffodil (11) and spinach chloroplasts (6, 20) . No 
